The molecular mechanism of sulforaphane on the induction of metallothioneins 
primers. After initial denaturation for 2 min at 95℃, 26 cycles of amplification (at 95℃ for 1 min, 60℃ for 1 min, and 72℃ for 1.5 min) were performed, followed by a 7-min extension at 72℃.
Analysis of PCR products
A 10 µL aliquot from each PCR reaction was electrophoresed in a 1.8% agarose gel, containing 0.2 µg/mL ethidium bromide. The gel was then photographed under ultraviolet transillumination. For quantification, the PCR bands on the photograph of the gel were scanned using a densitometer, linked to a computer analysis system. We normalized the MT signal, relative to the corresponding β-actin signal, from the same sample, expressing the data as the MT/β-actin ratio.
Western blotting
The sulforaphane-treated and -untreated cells were rinsed twice with phosphate-buffered saline (pH 7.0) and the total proteins extracted by adding 200 µL to the cell pellets, on ice, for 30 min; this was followed by centrifugation at 10,000 × g for 30 min at 4℃. Western blotting was performed according to the method of 
DNA fragmentation analysis
HepG 2 cells (2×10 6 cells/mL) under different treatments were collected, washed with PBS twice, and then lysed in 100 mL of lysis buffer (50 mM Tris, pH 8.1; 10 mM ethylenediaminetetraacetic acid (EDTA); 0.5% sodium sarkosinate, and 1mg/mL prteinase K) for 3 h at 56℃ and treated with RNase A (0.5 µg/mL) for another hour at 37℃. The DNA was extracted by phenol/chloroform/isoamyl (v/v/v, 25:24:1) before loading and analyzed by 1.8 % agarose gel electrophoresis. The agarose gels 9 were run at 50 V for 90 min in Tris-borate/EDTA electrophoresis buffer (TBE).
Approximate 30 µg of DNA was loaded in each well and visualized under UV light and photographed.
Measurement of caspase-3 activity
After treatment with sulforaphane, cells were collected and washed with PBS and lysed in lysis buffer (1% Triton X-100, 0.32M sucrose, 5mM EDTA, 10mM
Tris-HCl, pH 8, 2 mM dithiothione, 2 mM phenylmethanesulfonyl fluoride, 10 µg/mL pepstatin A, and 10 µg/mL leupeptin) for 20 min at 4°C followed by centrifugation (10,000 × g) for 30 min. Caspase-3 activity was assayed in 50 µL reaction mixtures with fluorogenic report substrate peptide specific for caspase-3. The substrate peptide (200 µM) was incubated at 37℃ with cytosolic extracts (50 µg of total protein) in reaction buffer (100 mM HEPES, 10% sucrose, 10 mM dithiothreitol,
Fluorescence was measured after 2 h (excitation wavelength, 400 nm; emission wavelength, 505 nm) with a FLUOstar galaxy fluorescence plate reader (BMG LabTechologies, GmbH, Offenburg, Germany).
Statistical analysis
Each experiment was performed in triplicate and repeated three times. The results were expressed as means ± SD. Statistical comparisons were made by means of one-way analysis of variance (ANOVA), followed by a Duncan multiple-comparison test. Differences were considered significant when the P values were <0.05.
Results

Cytotoxicity of sulforaphane on HepG 2 cells
To determine the appropriate concentration range of sulforaphane required to induce MT gene expression, the cytotoxicity of sulforaphane to HepG 2 cells was investigated by a MTT assay. As shown in Figure 1 , no significant effect on the cell growth of HepG 2 cells was observed in the treatment below 20 µM of sulforaphane.
However, significant inhibitory effects were observed when the cells were treatment with over 50 µM of sulforaphane. The estimated IC 50 value (concentration causing 50% cell death) of sulforaphane was 65.2 µM. Our data showed that 20 µM is an appropriate concentration for MT induction in vitro.
Transcriptional induction of the MT gene by sulforaphane
To further investigate the MT mRNA expression induced by sulforaphane, we first evaluated MT-I and MT-II mRNA expression in response to sulforaphane in HepG 2 cells, which have been widely used in drug metabolism and chemoprevention studies.
RT-PCR analyses were performed to examine the steady-state levels of MT-I and 
Induction of MT protein expression in HepG 2 cells by sulforaphane
To further explore the induction of MT protein expression by sulforaphane, dosedependent experiments were performed with the HepG 2 cells, using Western blotting techniques. As shown in Figure 3A , MT protein was markedly induced by sulforaphane, in a dose-response manner, in concentrations of 2.5 (Figures 2 and 3) . This may be a specific effect of sulforaphane on MT protein translation since β-actin protein levels were not affected by 20 µM of sulforaphane.
Sulforaphane stimulates Nrf2 protein expression
As a DNA-binding protein that recognizes the ARE enhancer sequence, Nrf2
functions as an important mediator in the expression of several phase II enzyme genes.
The MT-I gene contains an antioxidant response element (ARE) sequence similar to those found in rat phase II genes NAD(P)H: quinine oxidoreductase (NQO1) and glutathione S-transferase A1 (GSTa1). Since MT-I gene transcription induced by sulforaphane is dependent on protein expression (Figure 3) , we examined whether sulforaphane has any effect on the levels of this transcription factor. HepG2 cells were treated with 20 µM of sulforaphane for 0.5, 1, 2, and 4 h, and Nrf2 protein levels were determined by Western blot. As shown in Figure 4 , Nrf2 protein expression was induced in a time-dependent manner. Nrf2 protein expression levels showed an initial rise at 0.5 h, and a peak induction at 4 h. The increase in Nrf2 protein by sulforaphane (3 h) occurs prior to the increase of MT protein (none at 3 h, Figure 3B ).
These observations were consistent with the results from the MT protein expression (Figure 3) HepG 2 cells. Cells were exposed to sulforaphane and then immunoblots were performed using anti-phospho JNK, ERK, and p38. As shown in Figure 5A , phosphorylayted JNK, ERK, and p38, indicating activation, were all increased by sulforaphane. The same blots were probed with antibody to total JNK, ERK, or p38
as protein loading controls. The sulforaphane-mediated increase in MT protein expression was completely blocked by SB203580 (a specific inhibitor of p38) and PD98059 (a specific inhibitor of ERK) whereas similar concentration of SP600125 (a specific inhibitor of JNK) had no significant effect ( Figure 5B ). These results indicated that kinases of the ERK and p38 pathway might be involved in the regulation of MT expression by sulforaphane.
DNA fragmentation induced by sulforaphane in HepG 2 cells
As described previously, the cytotoxicity of sulforaphane is possibly due to apoptosis (Figure 1) . To determine whether the inhibition of cell growth by high dose sulforaphane resulted from the induction of apoptosis, DNA fragmentation, a hallmark of apoptosis, was demonstrate by incubating HepG2 cell with different concentrations of sulforaphane for 24 h. After treatment with different concentration of sulforaphane for 24 h, the genomic DNA from cells was subjected to 1.8% agarose gel elctrophoresis. As shown in Figure 6 , the intact genomic DNA was found in control. DNA fragmentation became apparent at 30 µM of sulforaphane treatment, and these DNA fragmentation responses were dose-dependent ( Figure 6A ). When cells were treated with 100 µM of sulforaphane, DNA ladders were just visible as early as 6 h in HepG 2 cells after treatment, and gradually increasing DNA fragmentation was observed from 6 to 24 h ( Figure 6B ). DNA fragmentation was observed at 24 h in a dose-dependent manner with 50-250 µM, and at 50 µM in a time-dependent manner for 6-48 h. The efficacious induction for apoptosis was observed at 50 µM for 24 h, suggesting that the cell death induced by the sulforaphane treatment was mainly caused by apoptosis.
Sulforaphane induced the caspase-3 activation
Caspase-3 has been shown to play a pivotal role in the terminal, execution phase of apoptosis induced by diverse stimuli. To monitor the enzymatic activity of caspase-3 during sulforaphane-induced apoptosis, we used the specific fluorogenic peptide substrate (Ac-DEVD-MCA) for the detection of caspase-3 activity. As illustrated in 
Preventive effects of free radical scavengers on sulforaphane-induced apoptotic responses
To examine whether the generation of intracellular ROS is a crucial step in sulforaphane-induced apoptosis, we investigated the preventive effects of free radical scavengers on sulforaphane -induced apoptosis. The cells were pretreated with free radical scavengers including N-acetyl-L-cysteine (NAC) and catalase (CAT) for 2 h at different concentrations, and then exposed to 100 µM sulforaphane for 24 h to determine DNA fragmentation. NAC or catalase at 2 mM and 100 U/ml, respectively, did not induce DNA fragmentation and affect cell viability (data not shown). As shown in Figure 8 , NAC and catalase at 2 mM and 100 U/ml, respectively, completely inhibited sulforaphane-induced DNA fragmentation, suggesting that sulforaphane-induced apoptosis involves activation and reactive oxygen species, which can be blocked by free radical scavengers including NAC and catalase.
Regulation of Bcl-2 family proteins during sulforaphane-induced apoptosis
The imbalance of expression of anti-and pro-apoptotic proteins after the stimulus is one of the major mechanisms underlying the ultimate fate of cells in the apoptotic process. We examined the time-dependent effects of sulforaphane on the The present study also shows that both MT-I and MT-II mRNAs are coordinately increased following treatment of sulforaphane. This is in keeping with the previous reports that in rodents, MT-1 and MT-II genes are coordinately expressed (7) . In the present study, we have not determined whether MT mRNAs increase following sulforaphane treatment is due to increased transcription and/or increased stablilization of MT mRNAs. However, accumulation of MT mRNAs following treatment by various inducers is predominantly controlled at the transcriptional level (7).
Therefore, it can be inferred that the increase in MT mRNAs by sulforaphane might also be regulated mainly at the transcription level.
Next, we tested the ability of sulforaphane to increase MT protein expression, using the Western blotting technique. The increased MT gene transcription, observed in were involved in sulforaphane-induced cell apoptosis. Bcl-2 has been shown to form a heterodimer with the pro-apoptotic member Bax and might thereby neutralize its pro-apoptotic effects (57). Therefore, alterations in the levels of Bax and Bcl-2, i.e. the ratio of Bax/Bcl-2, is a decisive factor and plays an important role in determining whether cell will undergo apoptosis under experimental conditions that promote cell death. In our study, a decrease in Bcl-2 and Bcl-X L expression was observed in sulforaphane-treated cells (Figure 9) . Importantly, the protein expression of Bax, however, was up-regulated in sulforaphane-treated cells after the treatment up to 24 h, hence the ratio of Bax to Bcl-2 was altered in favor of apoptosis.
Our results suggested that the up-regulation of Bax and the down-modulation of Bcl-2
and Bcl-X L might be another molecular mechanism through which sulforaphane 
Fig. 7.
Activation of caspase-3 and cleavage of PARP during sulforaphane-induced apoptosis. HepG2 cells were incubated with 100 µM of sulforaphane for various time periods (0, 3, 6, 12, and 24 h). Cytosolic fraction of cells was analyzed for (A) caspase-3 activity by proteolytic fluorogenic substrates. Ac-DEVD-pNA was used as the substrate for caspase-3 and the cleavage of peptide was monitored at 405 nm. The caspase-3 activity of control cells was set to 100% and the relative changes in the activity were shown. Each data represents the mean and standard deviation (*p＜0.05 significantly different to vehicle control). (B) Cells were treated with sulforaphane at 100 µM for indicated periods. Total cell lysates extracted were analyzed for the proteolytic cleavage of PARP and caspase-3 by Western blot. Data from three independent experiments are presented as mean ± SD.
Statistically significant differences from the control are indicate as *p＜0.05.
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